The hydrothermal synthesis of MCM-22 zeolite was carried out using silica, sodium aluminate and hexamethyleneimine, under static conditions at 150°C for a period of 10 days, followed by washing with deionized water, drying overnight and calcination at 650°C. The obtained material was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). The XRD analysis evidenced that MCM-22 presented a well defined MWW structure. The FT-IR spectrum confirmed the efficiency of the hexamethyleneimine as an organic template used to direct the structure of the MCM-22 zeolite under static conditions. The SEM image indicated that the particles are spherical in shape, with a diameter of ca. 10 µm. The acid properties of the MCM-22 zeolite, as determined by n-buthylamine adsorption, were investigated in the temperature ranges of 105 to 300°C and 300 to 525°C, relative to medium and strong acid sites, respectively.
Introduction
The MCM-22 material is a synthetic high-silica zeolite, which crystallizes as very thin plates [1] . Due the presence of active acid sites on its surface, this crystalline aluminossilicate material can be a very promising heterogeneous acid catalyst for some industrial applications, such as oil refining and petrochemical processes, like alkylation and isomerization.
From a structural point of view, the MCM-22 material presents a complex porosity, containing both medium and large pores [2] . According to International Zeolite Association, the MCM-22 presents MWW structure with two independent pore systems [3] . One of them is defined by two-dimensional sinusoidal 10-membered-ring channels (0.40 × 0.59 nm). The other pore system consists of large supercages with a free inner diameter of 0.71 nm, which is circumscribed by 12-membered rings [4] [5] [6] . * E-mail: araujo.ufrn@gmail.com
The MWW structure can be built using units of 36T atoms (T = Si or Al). The T36-unit resembles a "half-cage" (or 12-ring cup) consisting of cylindrical 6-ring band closed at one side by a 6-ring, to which two T2-dimers and two T atoms are bonded (or built from four 6-1 units and one 1-6-1 unit) [7, 8] . The one-dimensional Periodic Building Unit is obtained when T36-units, related by a mirror plane perpendicular to "a", are connected into columns along "c" through double 6-ring and single T-T bonds, as can be seen in Fig. 1 .
A typical preparation of the MCM-22 materials basically needs a solvent, an organic template and silica under stirring. The as-synthesized materials present a layered structure, and after calcination, the template is removed from the pore systems of the layered-MCM-22 by subsequent silanol condensation, giving rise to a MCM-22 zeolite structure, as shown in the Fig. 2 .
In the current work, MCM-22 has been synthesized under static hydrothermal conditions using hexamethyleneimine as an organic template. The acidity of the material was investigated using n-butylamine as a molecular probe. This measurement was carried out by thermogravimetry method in order to determine the amount and strength of the active sites in specific temperature ranges.
Experimental
The MCM-22 zeolite was prepared by a thermal treatment of a specific aluminossilicate precursor. This precursor was obtained according the following procedure: a mass of 3.11 g of anhydrous sodium aluminate (50 to 56 % Al 2 O 3 , 40 to 45 % Na 2 O, Riedel-deHaën) and 1.93 g of sodium hydroxide (97 % Merck) were dissolved in 415 g of deionized water. The obtained solution was stirred for 15 min. Then, 25.4 g of hexamethyleneimine (HMI) (99 % Aldrich) was added dropwise under vigorous stirring. A mass of 30.7 g of silica (Aerosil 200, Degussa) was added to the mixture and the slurry was vigorously stirred for additional 30 min. After that, the gel was transferred to an autoclave and heated at 150°C for 10 days, without stirring, or under static condition. Then, the autoclave was quenched in cold water, and the obtained material was washed with deionized water and centrifuged until a pH 9, and dried at 70°C. In this step, the obtained material presented a layered structure, being signed as MCM-22(L). The second step consisted in the calcination of the layered material, MCM-22(L), at 650°C for 7 h, under air atmosphere, in order to obtain the zeolite material, called then MCM-22(Z).
The X-ray diffraction (XRD) analysis of the MCM-22(L) and MCM-22(Z) samples was carried out using Shimadzu XRD 6000 equipment using CuKα radiation at 40 kV and 30 mA, with a goniometric velocity of 2°min −1 and 2θ ranging from 2 to 50°. The Fourier transform infrared (FT-IR) spectra of the MCM-22(L) and MCM-22(Z) samples were obtained by the KBr method, with a concentration of ca. 7 % in mass. The measurements were accomplished using a spectrophotometer AVATAR TM360 FT-IR, wavelengths ranging from 4000 to 400 cm −1 , and resolution of 4 cm −1 . The scan electron micrograph (SEM) was obtained using a microscope Philips XL 30 EDAX, equipped with an X-ray energy dispersion spectrophotometer (EDS) to investigate the composition of the material before and after the calcination.
The determination of the acidity was accomplished according the procedure previously reported [9] [10] [11] [12] [13] . For this measurement, the calcined sample (0.1 g) was firstly activated at 400°C, under nitrogen gas flowing at 60 mL min −1 for two hours. Then, the sample was exposed to the vapors of n-buthylamine at 95°C, for a period of one hour, for the complete saturation of the acid sites of the MCM-22(Z) sample. A mass of ca. 10 mg of the sample, previously saturated with n-buthylamine, was transferred to a thermobalance (DuPont 910, TA-2000) and heated from room temperature up to 900°C, at a heating rate of 10°C min −1 , using nitrogen as a carrier gas, at the same flowing conditions. The total acidity was defined as the absolute mass of base desorbed from the acid sites of the catalyst, expressed in mmol g −1 in specific temperature ranges.
Results and discussion
The X-ray patterns of the materials: MCM-22(L) precursor and MCM-22(Z) are presented in Fig. 3 . The XRD patterns of both samples are in agreement with those already reported, suggesting that high crystalline material was obtained [1] . One distinct difference between the two samples is observed in the range of 2θ = 12 to 25°, where the X-ray patterns of MCM-22 zeolite is characterized by some sharp and separated peaks. Another region that distinguishes MCM-22(L) from MCM-22(Z) is observed in the range of 2θ = 26 to 29°. The X-ray pattern of the layered MCM-22(L) presents two peaks centered at 2θ = 26.07 and 26.60°, whereas the zeolite MCM-22(Z) is characterized by four sharp peaks, at 2θ = 26.23; 27.14; 28.08 and 28.84°. The position of the reflections (001) and (002) in the MCM-22(L), located respectively at 2θ = 3.25 and 6.71°disappeared during the calcination process, suggesting a lamellar structure. This is a clear indication that the c-parameter of the unit cell decreased and became more regular, as can be visualized in the Fig. 1 and 2 . Other peaks located at 2θ = 7.20; 25.11 and 26.07°practically remain unchanged, indicating that the structural changes involve only the "c" axis.
The infrared spectra for the samples are shown in Fig. 4 . From FT-IR of MCM-22(L), the presence of bands related to the symmetrical and asymmetrical stretching of the O-H connections in the MCM-22(L) precursor sample was verified. The band at 786 cm −1 refers to the external symmetrical stretching, while the band at 1237 cm −1 refers to the external asymmetric stretching. Also, peaks in the range of hydroxyl groups, in the range of 3800 to 3500 cm −1 , and nitrogen of HMI template, at ca. 3200 cm −1 , as indicated in the FT-IR spectra, were observed. The bands at 1095 and 1070 cm −1 region correspond to internal asymmetric stretching, and the bands at 594 and 550 cm −1 are attributed to the presence of double rings in the MCM-22(L) structure. At 1626 cm −1 the band is ascribed to the angular deformation of the N-H bond of the hexamethyleneimine template. The band centered at 1384 cm −1 indicates the presence of the amine functional group (HMI).
According to the scanning electron micrograph, the MCM-22(Z) shows the structure whose fine particles grow into spherical structures, resulting from the agglomeration of these particles, with a depressed central region, as shown in Fig. 5 . The spheres are approximately 10 µm in diameter, showing some fracture along the "c" axis, probably due to the elimination of organic template (HMI) during the calcination. From the results of elementary chemical analysis, by EDS, it was confirmed that both the layered and the zeolite materials showed high concentration of silica (SiO 2 ) and low concentration of alumina (Al 2 O 3 ) in the zeolite structure, with a SiO 2 /Al 2 O 3 molar ratio of 11.5 and 11.3 for MCM-22(L) and MCM-22(Z), respectively, characteristic of the MWW structure. After calcination, a small reduction of SiO 2 /Al 2 O 3 molar ratio was observed, but it remained nearly unchanged. This could be attributed to the static conditions used in the hydrothermal method.
Acidic properties of the calcined material, MCM-22(Z), were examined on the basis of the TG/DTG curves for thermodesorption of nbuthylamine as shown in Fig. 6 . The activity of a zeolite is a function of the nature, density and strength of the acid sites. The acidity of the zeolite is generated by neutralization of a negative charge of a unit cell by cations or protons. The n-buthylamine is a relatively strong base, with pKb = 3.23, and it is commonly used to determine the total acidity, because it reacts with all acid sites on the zeolite surface. It is considered that the amine molecules enter the pores of the zeolite to interact with all the acid sites, and the number of acid sites was determined from the amount of a base required to reach the saturation point. The decomposition of n-buthylamine by the medium and strong acid sites was considered. The TG/DTG curves show four weight losses in the following temperature ranges: (i) room temperature to 105°C -referring to desorption of n-butylamine physically adsorbed on the zeolite surface; (ii) 105 to 300°C -representing the medium acid sites, ca. 3.6 % or 0.356 mmol g −1 , and (iii) from 300 to 525°C -attributed to the strong acid sites, with approximately 3.7 % or 0.425 mmol g −1 .
During the step (ii), it is proposed that the nbutylamine molecules interact with the medium acid sites in the zeolite [ + HO]-Zeolite, forming the butylammonium ion on the zeolite surface. Then, this ion dissociates to butane and ammonia, according to Hoffman degradation, as follows: CH 3 At high temperatures (step (iii), where the acid sites are strong), it is proposed that primary amines were converted into diamines, [CH 3 (CH2) 2 (CH 2 )] 2 NH, inside the pores of the zeolite, which is observed in the TG/DTG curves. It is suggested that the formation of diamines should occur in the bulk of the MCM-22 zeolite. However, for calculation of the total acidity of the material, it was assumed that one molecule of n-buthylamine adsorbs selectively on one acid site. The last step of weight loss (iv) was related to degradation of carbonaceous residues deposited in the micropores of the material.
The zeolite consists of a three dimensional network of TO 4 tetrahedra (T=Si or Al). Bronsted acids are generated when silicon with formal valence of four, is replaced by an atom of lower valence. In aluminossilicate zeolites, the most common is the replacement of Si 4+ by Al 3+ . The acid site is attached by a proton to the oxygen atom connected to silicon and aluminum atoms, resulting in a chemically stable bond, with oxygen becoming three coordinated (Fig. 2) . The Si-O and Al-O have considerable covalency, resulting in a relatively weak OH bond. The OH stretch frequencies of the Bronsted acidic protons vary in the range of 3650 and 3550 cm −1 , and the silanol, Si-OH, at frequency of 3745 cm −1 . The frequency of approximately 1050 cm −1 can be assingned to the in-plane bending mode of Bronsted acidic protons
Conclusions
The crystalline phase of the MCM-22 was successfully obtained by the hydrothermal treatment of a reactive hydrogel of silica and alumina in presence of hexamethyleneimine, under static conditions and subsequent thermal treatment of the layered precursor, MCM-22(L). This phase was identified from X-ray diffraction by the presence of the (001) and (002) peaks, which represent the lamellar structure. This material, submitted to calcination, resulted in a crystalline material, the MCM-22 zeolite, whose X-ray diffraction patterns present a better definition in terms of characteristic peaks. The FT-IR analysis confirmed that the MCM-22(L) precursor presented all bands characteristic of a material consisting of intercalated layers of organic substances and water. Scanning electron microscopy images of MCM-22 zeolite revealed its spherical shape with ca. 10 µm in diameter. Medium and strong acid sites were evidenced in the obtained material, as determined from thermogravimetry, using n-buthylamine as a molecular probe. From the acid sites density of the material, a strong/medium acidity ratio of ca. 1.2 was obtained, suggesting that the aluminossilicate MCM-22 material synthesized according to the static condition is very promising for application as catalyst in reactions that need strong acidity to proceed, such as hydrocarbon cracking, alkylation and disproportionation of aromatics.
